The Cosmology Large Angular Scale Surveyor (CLASS) instrument will measure the polarization of the cosmic microwave background at 40, 90, and 150 GHz from Cerro Toco in the Atacama desert of northern Chile. In this paper, we describe the optical design of the 40 GHz telescope system. The telescope is a diffraction limited catadioptric design consisting of a front-end Variable-delay Polarization Modulator (VPM), two ambient temperature mirrors, two cryogenic dielectric lenses, thermal blocking filters, and an array of 36 smooth-wall scalar feedhorn antennas. The feed horns guide the signal to antenna-coupled transition-edge sensor (TES) bolometers. Polarization diplexing and bandpass definition are handled on the same microchip as the TES. The feed horn beams are truncated with 10 dB edge taper by a 4 K Lyot-stop to limit detector loading from stray light and control the edge illumination of the front-end VPM. The field-of-view is 19
INTRODUCTION
The hypothesis that the early universe underwent a period of accelerating expansion, called inflation, has become an essential mechanism for explaining the flatness and homogeneity of the universe and the fluctuations found in the cosmic microwave background (CMB). [1] [2] [3] [4] [5] Inflation predicts the existence of primordial gravitational waves that would have produced a unique polarization pattern called the B-modes on the CMB. 6, 7 Measurement of the amplitude of these gravitational waves can be used to infer the energy scale of the potential driving the expansion. 8 Detection of this signal would be a dramatic confirmation of the inflation paradigm and significantly tighten constraints on inflationary models.
The Cosmology Large Angular Scale Surveyor (CLASS) is a new ground-based instrument designed to search for the large angular scale B-mode signal of the CMB from the Atacama Desert in northern Chile. This instrument will consist of four separate telescopes: one observing at 40 GHz, two observing at 90 GHz and one observing at 150 GHz. Each bandpass is optimized to observe the CMB through atmospheric windows of high transmission. Foreground removal, not sensitivity, is expected to limit the detection of the B-mode signal. 9 Making observations at multiple frequencies will help to distinguish between the CMB signal and the spectrally distinct synchrotron and polarized dust emission foreground signals.
Each telescope will employ a Variable-delay Polarization Modulator (VPM) as a fast front-end polarization modulator. This technique will allow the instrument to measure the polarization signal of over 65% of the sky from the Atacama, and could be moved to the Northern hemisphere to observe more sky if appropriate. By targeting the B-mode signal on scales larger than 10
• , CLASS will be able to detect the same B-mode amplitude as experiments with many more detectors but focused on the fainter small scale fluctuations.
A full description of the CLASS instrument and its overall science objectives will be given in a future paper. In this paper, we focus on the optical design for the 40 GHz telescope. In Section 2, we give a description of the telescope and the procedure followed to generate the design. Section 3 analyzes the performance of the design.
1. The telescope must have a fast polarization modulator to distinguish the cosmic signal from telescope and atmospheric drifts, i.e. 1/f -noise.
2. The modulator must be the first optical component in the telescope to prevent instrument polarization systematic errors.
3. The resolution should be near 1.5
• to resolve polarization fluctuations greater than 10
• and to characterize foregrounds on scales smaller than the targeted B-mode signal.
We use horn antennas as the primary beam forming apparatus. The telescope then redirects and magnifies the symmetric beams formed by the horns. The detector spacing is 38 mm; this is a practical limit to allow enough room for detector mounting and readout circuitry. The telescope design, therefore, is constrained by its two ends -the first optical component will be a polarization modulator and the focal plane will use horn antennas separated by 38 mm as the primary beam forming components.
The immediate consequence of the resolution requirement is that the entrance pupil must be ∼ 37 cm in diameter. Placing a VPM near this entrance pupil satisfies the fast front-end modulator requirements -further details of the modulator are included in section 2.1.
With the detector spacing and the entrance pupil specified, the only remaining telescope parameter is the focal length, or equivalently the focal ratio f /. Faster f / choices would increase the field of view (FOV) making it difficult to avoid blockage. Furthermore, the differential light path length through the VPM depends upon the angle of incidence on the device. The VPM efficiency can be optimized more successfully for a smaller spread of angles. Slower systems, on the other hand, make the cryogenic system exceptionally long. While there was no strict optimization, an f /2 system is a practical compromise between cryogenic system size and workable FOV.
Since the target scale (10 • and larger) is larger than the beam, the mapping speed of the telescope increases as the beam separation on the sky increases and as the spill efficiency increases. For this design, the beam separation is set by the 2.4 f / · λ horn spacing, and the beam truncation is dominated by the cold aperture stop with 10 dB edge taper.
Satisfying the above design criteria required the development of an entirely new type of telescope -the design of which is discussed in the following sections. A ray trace of the final design is shown in Figure 1 . The optical design was generated and optimized using the ray tracing software ZEMAX * . The first element, illustrated as a plane mirror in the Figure, is Figure 1 . A ray trace of the 40 GHz CLASS telescope is shown for a selection of fields. The first optical element is the VPM. For the purpose of optimizing the telescope design, the VPM is modeled as a flat mirror. After the polarization of the sky signal has been encoded by the VPM, the light is routed by two mirrors into a cryogenic receiver. Two cold high-density polyethylene lenses form the final image on the focal plane.
signal onto the horn array. Infrared (IR) blocking filters are situated between the window and the first lens to allow the lenses to cool. The first lens will be cooled to 4 K and the second will be cooled to 1 K. Parameters summarizing the telescope are in Table 1 .
The Variable-delay Polarization Modulator
CMB polarization instruments must modulate the incoming light to distinguish the cosmic signal from detector, instrument, and atmospheric drifts, e.g. 1/f noise. The modulation strategies employed by most other CMB telescopes involve fast azimuth scanning or rotating a wave plate. Azimuth scanning, unfortunately, modulates CLASS will utilize the new VPM technology as a front-end modulator to distinguish the cosmic signal from various noise sources while circumventing the challenges faced by other techniques. This modulator consists of a polarizing wire array backed by a parallel movable mirror. The operating principle of a VPM has been discussed previously, 11 and an example of a VPM fielded in the Hertz instrument is discussed in Krejny et al. 12 A few aspects of VPMs that guide the design of this optical system are highlighted here.
The VPM is the first optical component. The scalable mechanical construction of a VPM enables the device to be placed at the entrance pupil of a modest-to-small size telescope. Since the resolution required to target large angular scales is low, a VPM with an aperture diameter of 60 cm is sufficient.
The VPM is the polarization modulator. Each modulation cycle of the VPM is an absolute measurement of a Stokes parameter in a particular direction. No scan modulation is required. Since data can be collected while drift scanning or slow azimuth scanning, the tolerance analysis need not include telescope bending modes that would otherwise be present during scan turnarounds.
The VPM transmission spectrum is simple. The VPM is a purely reflective device. The lack of dielectric substances make the spectral characteristics of the VPM simple to understand. Chuss et al. 13 have identified resonant conditions that exist for particular VPM arrangements, but these situations are well understood and can be included in the transfer function template of the VPM. Figure 2 (a) shows a schematic of the VPM layout. An incoming signal is separated into its two orthogonal linear polarizations by the wire array. The component polarized parallel to the wire array is reflected, while the component with the polarization orthogonal to the wires passes unimpeded. The transmitted component then reflects off the movable mirror and passes back through the wire array. The relative phase between the two reflected components is specified by controlling the separation between the wires and the mirror.
The signal for a given direction on the sky can be represented by Stokes parameters I sky , Q sky , U sky and V sky . The orthogonal antenna pair of the detector projected through the optics onto the sky naturally defines Q det through detector differencing. When the detector basis projected onto the VPM is rotated 45
• with respect to the VPM wires, the polarization sensitivity of the detector to the sky signal as a function of the relative phased delay, φ, is Q det = Q sky cos φ + V sky sin φ. Periodically the telescope will execute 45
• rotations about the telescope boresight. Such a rotation changes the detector sensitivity relative to the sky-fixed Stokes basis to
In this way CLASS will have complete coverage of the Stokes parameters for every point within the accessible sky region. The V sky astrophysical signal is expected to be zero and will serve as critical null observations for systematic error checking.
measurements of the VPM, and the results are discussed in section 7. The VPM consists of a polarizing grid positioned parallel to and in front of a mirror. A ange in grid-mirror separation corresponds to a change in introduced phase between two ear orthogonal polarizations. The device is show in Figure 1 . Choosing coordinates such at Stokes Q gives the difference between the polarization states parallel and perpendicular the VPM wires, the polarization transfer function can be expressed as
re U and U are the input and output Stokes U parameter, and V is the input circular larization. Here δ is the electrical phase delay between the polarized component transmitd by and that reflected by the grid upon recombination at the output port of the device. is is the phase of interest when using the VPM as a modulator.
In the limit in which the wavelength is much larger than the length scales that characterize e local grid geometry, the VPM phase is proportional to the path difference between the o polarizations, 
DETECTORS
PIPER utilizes the Backshort-Under-Grid (BUG) architecture 19 for its bolometer arrays. These detectors described in greater detail in a companion paper, 20 but a brief description is included here for completeness. Ea array contains 32 40 planar absorbing elements each thermally coupled to a transition-edge sensor (TES). Fo such arrays are included in PIPER, each used to detect a single linear polarization in each of the two telescop A BUG array is a two-dimensional structure that is sized to mate to the two-dimensional multiplex developed by NIST for SCUBA-2. Prototype BUG arrays have been demonstrated in the GISMO instrum on the IRAM telescope. 21 The BUG array consists of two pieces. The first is the grid of suspended membra that make up the sensing part of the array. The electrical signals for the TES bolometers are routed to back of the grid structure using "wrap-around vias," or electrical paths that are deposited around each wall. second grid that consists of an array of reflecting elements is nested into the back of the first grid in order provide a backshort for each detector. In the case of PIPER, the backshort distance was chosen to maxim detector absorption over the three lowest frequencies which are those that contain the CMB signal. Because pixels are close to the size of the wavelength for the PIPER bands, few modes exist within the detector volum Because of this, we used full electromagnetic models to calculate the desired detector-backshort spacing in or to accurately account for the boundary conditions. we analyzed had the property that the entrance pupil's size, shape, and location changed by greater than 10% across the FOV. An acceptable design solution consisting of two o -axis conic sections was found. The ZEMAX optimization routines were used to minimize a focal wave-front error of the imaged plane wave through the stop onto the VPM while constraining the magnification, the pupil location onto the VPM, and the arrangement of mirrors to have a physically realizable geometry. This procedure resulted in the design of the fore-optics section used for the PIPER telescope.
The design chosen has a Gregorian-like arrangement with the presence of a real intermediate focal plane. Ba⇥es in the form of blackened metal apertures near this location will function as a field-stop and therefore limit the total stray light contribution to the signal.
To package the two PIPER telescopes, a steering folding flat mirror is placed between the two powered mirrors. This mirror allows the PIPER optics to be large enough to achieve the requisite imaging quality while still fitting in the ARCADE dewar. The position of this mirror is specifically kept away from the intermediate focal plane -small errors in the mirror surface or mirror position would impact entire pixel beams to the sky in such a location. The angle of the folding mirror is chosen with two packaging concerns: light must not be vignetted by intermediate mirrors, including mirrors in the other telescope, and light from both telescopes must enter the vacuum vessel in a way that allows simple construction of the vacuum vessel windows.
Re-imaging Optics
The re-imaging optics for both telescopes are contained within the same vacuum vessel. This container provides an environment where the BUG detectors can be cooled to their 100 mK operation temperature. Light from the fore-optics passes through a superfluid helium tight quartz glass vacuum window. The signal then passes through a stack of band defining metal mesh filters. Only one frequency band will be observed per flight. This filter stack will be located near the cold stop.
A silicon lens is placed behind the stop to limit the size of analyzer grid needed and to ensure the signal has a relatively slow f/# when passing through the analyzer grid -the analyzer grids will be gold wires deposited The dashed path on the Poincaré sphere illustrates the change in sensitivity to the sky basis defined Stokes parameters. As the mirror moves, the measured parameter modulates between Stokes Q and V.
Fore-optics design and description
The telescope fore-optics consist of the VPM and the two curved mirrors shown in Figure 1 . The two curved mirrors create an image of the cold 4 K aperture stop on the central region of the VPM. In this location, the diameter of the VPM is minimized for a fixed entrance pupil size. There is no magnification requirement of this relay system for this low resolution telescope. Note the entrance pupil is purposefully tilted with respect to the VPM to appear circular when viewed from the center of the FOV.
The fore-optics were optimized as an afocal system. It was important during this step to temporarily place the stop surface in ZEMAX at the VPM. With the stop as the first optical surface, ZEMAX efficiently launches all necessary rays for the optimization. If the stop surface was kept in its physical location, the aperture stop vignetting function would depend upon the exact size, shape, and location of all prior optical elements. Optimization for this off-axis tilted system would not be computationally feasible. In the temporary 'false stop' arrangement, the goal of the fore-optics system is to map plane waves, apodized by the stop, to aberration-free spherical waves at the physical location of the stop. The location and shape of the two mirrors were allowed to vary in order to optimize the following criteria:
• Minimize the wave front error (WFE) of the outgoing spherical waves for each incoming plane wave direction.
• Ensure marginal rays were sufficiently far from mirror edges and the cryostat edges to prevent aperture blockage.
• Minimize the distance between the intersection of the chief rays for all sampled directions at the cold stop.
• Minimize the distance between the top marginal rays for all fields and a point 15 cm from the chief ray center in the desired pupil plane.
• Ensure the distance between the two powered mirrors was not larger than 2.2 meters (to limit the size of the telescope).
• Ensure the intended aperture stop plane is always orthogonal to the chief ray of the central field. A damped least squares (DLS) optimization resulted in an initial design, but the ZEMAX 'global search' optimization was used to generate the final design. Once the optimization converged to an acceptable solution, the 'false stop' surface in ZEMAX was removed and a stop with 30 cm diameter was placed in the actual aperture stop location.
Single off-axis mirror designs for the fore-optics were ruled out because of unavoidable polarization distortion.
14 In addition to correcting this distortion, the degrees of freedom added by using a second mirror enable an improved entrance pupil. Figure 3 shows the relationship between the two fore-optics mirror shapes resulting from the optimization. Both mirrors are off-axis sections of ellipsoids generated by rotating the parent ellipse shape about it major axis. The mirrors are conveniently defined by the focal points of the parent ellipse and a point at the center of each mirror. These coordinates are given in Table 2 . This virtual pupil is then imaged onto the VPM by the primary mirror. The location of these points are indicated by 'X' marks in the Figure. 
Re-imaging optics
Light from a specified field passing through the cold stop is nearly a spherical wave. The re-imaging optical system is therefore more concerned with re-imaging these nearly-spherical waves to a flat focal surface than correcting aberrations.
The lenses for the re-imaging optics are made of HDPE. A survey of the literature suggests the room temperature index of refraction for HPDE is near n = 1.526 at 40 GHz. 15, 16 Since the linear dimensions of HDPE contract by 2% when cooled from 300 K to 4 K, 17 we used the Lorentz-Lorenz relation
to scale the room temperature index to n = 1.564 at 4 K and 1 K. This cold index value is assumed for the re-imaging optics design.
Designs using a single HDPE lens were found to have diffraction limited performance across the required FOV, but the lens for such a design was too large to be practically cooled. A design using two smaller and thinner lenses was adopted instead. The symmetric signal through the stop enables both lenses and the focal plane to be co-axial with the aperture stop.
Several criteria were used to optimize the re-imaging optics
• The WFE for each field at the focal plane was minimized.
• The focal ratio (f /) was optimized to be near 2.
• Moderate clearances between the pupil lens and the aperture stop, between the two lenses, and between the final lens and the focal plane were enforced.
• All field chief rays should intersect the focal plane as close as possible to 90
• • Each lens must be thinner that 5.4 cm with a minimum edge thickness of 1.1 cm.
Similar to the fore-optics, a DLS optimization produced an initial design, and a global search produced the final design. Both lens for the final design are convex-convex with on-axis ellipsoidal surfaces. Each surface is conveniently described through the sag equation
where z is the distance from the vertex tangent plane to the lens surface, r is the radial coordinate off the lens axis, R is the radius of curvature at the vertex of the lens, and κ is the conic constant. Table 3 gives the shape parameters and location of each lens. Note the AR coating thicknesses are not included in the separation distances provided. Distance between the second lens and the focal plane = 21.998085
Focal plane
The telescope ultimately couples the signal from the sky to a flat focal plane. The focal plane uses 36 smoothwalled horn antennas to guide the incoming radiation to the CLASS detectors. Each horn will be smooth-walled with a monotonic profile. 19 While this architecture is more difficult to design than corrugated horns, the smooth interior surface of the horn is easier and cheaper to machine and competitive performance is achievable. The horn design procedure for this telescope is described by Zeng et al. 20 To be compatible with the telescope, the horns have been designed to produce a 10 dB edge taper at f /2. This constraint, combined with minimizing return-loss and cross-polar ‡ response, form the basic constraints for the horn optimization. The horn/telescope system design is further described in section 3. The horn arrangement in the focal plane and the horn shape are shown in Figures 4(a) and 4(b) respectively.
PERFORMANCE ANALYSIS
Due to the speed rays can be traced by a computer through the optical system, the ray-calculated WFE metric was used for optimizing the location and shape for all optical surfaces. The maximum rms WFE across the FOV is 8.74 × 10 −3 waves for the final design. The rms WFE is frequently used by ray tracing software to approximate the Strehl ratio, S, of the telescope via the equation
where σ is the rms WFE referenced to the geometric ray centroid at the focal plane. This approximation is accurate when the peak of the point spread function (PSF) is well defined and the Strehl ratio is not far from 1. By convention Strehl ratios above 0.8 are considered diffraction limited. From Figure 5 , we see the Strehl ratios for this telescope are > 0.996 for all points within the FOV.
While the Strehl ratio is a useful metric to understand the image quality of a telescope, the fact that the aperture stop is only 30 cm (38 waves) in diameter indicates diffraction effects must be included to describe the telescope performance. To calculate the beams produced by the telescope on the sky and to predict the loading on the detectors from diffraction around the optical elements, the beam pattern of the horns in the focal plane must be included in the analysis. The field distribution at the aperture of the horn is known, but it is convenient to simplify the horn beam pattern to a Gaussian beam fit to the main beam of the far-field pattern of the horn. This Gaussian beam accurately represents the portion of the beam passing through the cold stop. Figure 4 • and show the angle represented by marginal rays in the ray trace. shows the far field beam and the best fit Gaussian to the main beam. The 11.5511 mm diameter waist producing the best fit beam was launched from the focal plane in the location of the pixel being studied.
The physical optics propagation (POP) feature in ZEMAX uses scalar diffraction theory to progressively calculate the field distribution on each optical surface. Scalar diffraction theory can not predict the field distribution on aperture edges, but all edges are under-illuminated since the primary beam forming components are the horns themselves. Beyond the scalar field approximation, ZEMAX also assumes the field component along the direction of travel of the wave is small compared to the transverse field components. This assumption breaks down for very fast systems (typically ∼ f /1). Since the fastest beams in this telescope are f /2, the ZEMAX POP feature is acceptable for understanding the propagation of the fields through the telescope itself. Figure 6 shows the illumination for a central pixel on the VPM, primary, and secondary. The size of each element was selected to maximize the telescope gain and limit warm spill over the edges. The secondary mirror was enlarged the most because proximity to the intermediate focal surface between the mirrors causes a slow Airy-like radial intensity drop-off and because all spill beyond this element views the 300 K environment. Spill over the primary will largely be directed toward the cold sky and therefore does not require as aggressive oversizing.
The final propagation step from the entrance pupil of the telescope to the sky was calculated using GRASP10
§ . In GRASP10, the field configuration from ZEMAX is converted to a fictional current distribution that would have produced the input field distribution. The fictional current distribution is then used to calculate the far-field beam pattern. Figure 7 shows the predicted co-polar and cross-polar beams of a typical pixel. The FWHM of the beams on the sky is ∼ 1.5
• . The cross-pol peaks are seen to be more than 40 dB below the main beam peaks. The main beam is circular with the first side lobe showing some asymmetry, but is roughly 23 dB lower than the main beam peak.
CONSTRUCTION PLAN
The VPM for the 40 GHz telescope will consist of a planar array of regularly spaced wires backed by a parallel and movable aluminum faced honeycomb mirror. The lightweight, high stiffness properties of the honeycomb material enable us to rapidly translate the mirror while staying parallel to the wire array. A prototype VPM wire array has been constructed with a 50 cm clear aperture. 22 The prototype array uses 64 µm diameter gold plated tungsten wire regularly spaced at 200 µm pitch. The minimum resonant frequency of the wires was measured to be above 150 Hz, well above the modulation frequency of the VPM. To maintain good phase definition, the wires are planar within 1% of a wave. The techniques used for the prototype are expected to scale to the required 60 cm clear aperture without significant modification. The polarization transfer function of the prototype has been measured, and the device performs as expected.
23
The primary and secondary mirrors will both be open-back light-weighted monolithic aluminum structures. Figure 8 shows a sectioned view of the secondary mirror. This mirror has a minimum 3 mm face sheet with 5 mm § www.ticra.com thick webbing arranged in a triangular pattern. A single 14 mm thick web encircles the back of the mirror for mounting. Standard CNC machining techniques are more than sufficient for achieving the generous tolerances required for this low frequency channel. The mirrors, however, will be constructed such that tolerances limits even for the 90 GHz channel are satisfied. This will enable the same mechanical design to be iterated for the higher frequency channels and will not significantly increase the difficulty of manufacturing. The surfaces will be hand-finished to a ∼ 2 µm rms surface roughness to remove possibly polarizing tool marks. This roughness will degrade the gain by the factor α = e
where is the rms surface roughness. 24 For an = 2 µm surface finish, the gain degradation will be negligible for the 40 and 90 GHz bands. At the same time, the surface is still rough enough to avoid specularly reflecting high frequency IR and visible light. Avoiding specular reflection of higher frequency signals will help prevent unintentionally focusing energy on the cryostat or other portions of the telescope.
HDPE was selected as the lens material for its low dielectric loss, ease of machining, ease of AR coating, and the availability of raw material in sufficiently large pieces to construct the lenses. Each lens will be AR coated by a simulated dielectric layer. This layer will consist of small holes drilled in a rectangular array across the lens surface. The designed geometric lens parameters will be enlarged to accommodate the 2% integrated linear expansion when warmed from 4 K to 300 K. 17 Thermal radiation blocking filters at 60 K and at 4 K will be used to ensure the lenses get cold. These filters will consist of metal-mesh frequency selective surfaces and neutral density dielectric slabs.
The aperture stop will be constructed from a formed ring of steel loaded epoxy called steelcast. 25 The ideal cold stop would be an infinitesimally thin aperture allowing all radiation within a defined radius to pass unimpeded and all radiation beyond that radius to be blocked. Unfortunately such a surface does not exist at any wavelength. More accurately, a stop should be expressed as a surface with a particular absorption as a function of incident angle and polarization. To increase the loss, and approach the perfectly absorbing ideal, the thickness of the absorber must be a significant fraction of a wavelength (7 mm). Even in this case, the stop is not perfectly 'black.' To decrease the edge illumination on the stop, a series of axillary rings with slightly larger apertures will be placed on both sides of the geometric-optics defined stop. Each aperture will gradually clip the beam with the central geometrically located ring dominating the clipping. Sharp et al. have constructed a similar baffle design for the GISMO instrument.
26, 27

STRAY LIGHT AND SPILL
The frustum of rays defined by the FOV edges and the cleanly imaged entrance pupil on the VPM represents, to first order, the only path of light to the focal plane. Neglecting diffraction effects, the only way for sources beyond the FOV to illuminate the focal plane would be diffusively scattering radiation into the light path. This behavior was approximated by imagining the optical components and support structure scatter geometric rays with a Lambertian probability distribution peaking in the direction of the local surface normal. Sources scattering significant power into the beam were eliminated, baffled or blackened. The most troubling surfaces was found to be the 4 K baffling between the lenses and the 1 K baffling between the focal plane and final lens. As a first effort to eliminate this effect, the walls are blackened with steelcast. Glint baffles, in the form of ribs, will surround the optical path to further eliminate large angular scattering.
Diffraction of light around the optical components is also a source of extra loading on the detectors. To protect against warm spill from Earth-shine, Moon-shine, Sun-shine or other strong sources of in-band radiation, the primary and secondary mirror must be oversized and a co-moving ground shield will surround the telescope. To predict the loading from diffraction beyond these elements, a series of POP calculations was performed in ZEMAX. As described in section 3, a Gaussian beam representing the main beam of the horn is transformed through the system to predict the illumination of each surface. Keeping track of the fraction of the beam lost at each surface and normalizing via AΩ = λ 2 at the sky, the loading from spill beyond each surface can be calculated. 28 Combining the POP results with an atmosphere model generated by ATM ¶ (assuming 1 mm precipitable water vapor and 45
• elevation angle), we find the expected detector loading is ∼ 2.2 pW. Table 4 breaks the sources of loading down into categories. The total loading is dominated by the atmosphere.
TOLERANCES
Monte Carlo (MC) simulations were performed to determine the tolerance for 144 degrees of freedom (DOF) of the optical design. These DOF included the shape, position, tip, tilt, thickness, material properties, and surface irregularity for all optical components. For each MC realization, all DOF were randomly perturbed around a nominal value according to a normal distribution with a specified width. The secondary is then refocused via three steps of the DLS algorithm to minimize the WFE at the focal plane for each MC realization. The WFE of all sampled fields was then recorded.
Based upon 21,000 MC simulations, the tolerances for the optical design are extremely forgiving. The generous tolerances for the telescope are to be expected for this long wavelength band. The most challenging tolerance is setting the distance between the focal plane and nearest lens within 2 mm -owing to the relatively fast f /2 focal ratio at the focal plane. All tolerances should be achievable by standard machining and assembly techniques. For the MC simulations, 98% of the simulated telescope instances still had Strehl ratios greater than 0.993 across the entire FOV.
CONCLUSIONS
To study inflation, CLASS will use four telescopes at three frequencies to search for the B-mode signal in the CMB and thus infer the energy scale of the potential driving inflation. The 40 GHz channel of CLASS will be an essential component in the full multi-frequency CLASS instrument. To this end, we have developed a new telescope design for ground based observation of CMB polarization at 40 GHz with a front-end VPM modulator. This new design separates the key tasks of imaging the cold stop onto the VPM and imaging the sky onto the focal plane by delegating the former task to a two mirror fore-optics section and the later to a two lens re-imaging cold optics section. The telescope will cleanly map the horn antenna beams from the focal plane to 1.5
• FWHM beams on the sky. The peaks of the cross-polar response of the telescope are expected to be at least 40 dB lower than the main beam peak. A tolerance analysis indicates the presented design delivers robust performance for a wide range of perturbations. Design and construction of the VPM and optical components has begun, with full telescope integration to follow. ¶ ATM is authored and maintained by Juan Pardo. The software is available at /www.mrao.cam.ac.uk/ bn204/alma/atmomodel.html
